A new theoretical approach to the problem of the symmetrical linear antenna driven by a two-wire line is presented. Then symmetrical linear antenna and the feeder line are treated as a unique boundary-value problem leading to a system of two simultaneous integral equations containing antenna and line currents as unknown sub-integral functions. The integral equations are approximately solved by the so-called point-matching method. Due to the mutual coupling between the antenna and the line, a new conveniently defined apparent driving-point admittance is to be introduced. The method is applied on several types of linear antennas: Centre driven symmetrical dipole antenna, Centredriven V-antenna, Cage antenna, H-antenna and System of two parallel non-staggered dipoles antennas, positioned in the air over semi-conducting ground. Then theoretical results for admittances were compared with the experiments and remarkably good overall agreement has been found. On the contrary, a comparison with the corresponding theoretical results obtained with the idealized delta-function generator revealed remarkable discrepancies.
Introduction
Many authors have exhaustively treated the problem of the thin symmetrical linear antennas fed by a delta-function generator. Then moment method is commonly used for approximate numerical solving of existing integral equation, having antenna current distribution as unknown [1] . Especially, very good results in the numerical solving of these integral equations are obtained using point matching method with polynomial current distribution. First of all, polynomial current approximation was used in [2] , for approximate numerical solving of Hallen's integral equation [27] . Afterward, integral equations and polynomial current approximation were successfully used for solving several types of linear antennas, as: Isolated [3] or Symmetrical dipole antenna in non-linear semi conducting media [4] , V-dipole antenna [5] and Loop antenna [6, 7] . This technique was later expanded on the curvilinear antennas [8] and on the linear antennas in the surroundings of conducting bodies [9] . Recently, very good results are obtained in modelling cage structures in pulse external electromagnetic field (which imitate lightning or nuclear explosion electromagnetic discharges) [10] . Except point matching method, polynomial antenna current approximation is successfully included in variational solution of linear antenna problems, for solving V and Loop antennas [11] [12] [13] .
If linear antennas are driven by delta-function generator, the comparison between theoretical and experimental results show very good agreement in determining of the antenna radiation pattern, near and far field distribution and antenna input conductance, but theoretical values of antenna input susceptance are always incorrect, because of the physical insufficiency of the delta-function generator. In order to exceed these difficulties, the authors suggest one new approach to solving linear symmetric antennas driven by two-wire lines. The first very good results are obtained in the analysis of symmetrical dipole [14] and V-antenna [15] , including two non-staggered dipoles [16, 17, 18] . Afterward, several more complex forms of linear antennas were treated in this way, as cage antenna [21] , H-antenna [22] , two arbitrary oriented symmetrical dipole antennas in free space [20] or near ground [19] . These investigations of the symmetrical linear antenna driven by a two-wire line have revealed a strong dependence of the input admittance on geometry of the feeding zone. Particularly remarkable discrepancies were noticed between the theoretical admittances obtained with the delta function generator and those achieved with real feeding system comprising a two-wire line having the conventional distance between the line conductors.
In order to prove the theory, the theoretical results were compared with the experimental results obtained by Angelakos [23] and in the Antenna Laboratory of the Faculty of Electrical Engineering of Belgrade [24] . A very satisfactory overall agreement between the results was found. On the other side, the comparison between of the theoretical results of the present theory with those obtained by using an idealized delta-function generator shows remarkable discrepancies. Finally, it is not superfluous to notice the obtained results in very precise numerical solving of several types on non-elementary integrals having singular or quasi-singular sub-integral functions [25, 26] , which eliminates eventual ill-condition problems in numerical solving of systems of simultaneous integral equations.
Short Theoretical Approach
The antenna and the line are treated as a unique boundary value problem, so that the coupling between the antenna and the line, as well as the transmission line end effect are taken into account. Such a treatment leads to a system of two simultaneous integral equations, containing the current distributions on the antenna and on the line as terminal zone, in the vicinity of the antenna input terminals, as unknown subintegral functions. Due to the coupling between the antenna and the line, the line current can be represented as a simple sum of an incident and reflected travelling waves, as in the conventional transmission line theory. At that part of the line, an additional, perturbing term must be added to the travelling waves. As performed investigations shown, the length of this perturbed part of the line is not critical and it may be satisfactorily taken to be between λ 0.1 and λ 0.25 , where λ denotes the wavelength. These integral equations are solved numerically by using point-matching method. The current on the antenna is approxiTheory of Symmetrical Linear Antennas ... mated by a polynomial with unknown complex coefficients and that on the line by the sum of an incident and reflected waves and by a polynomial decreasing rapidly with the distance from the end of the line. The concept of the input admittance of the antenna needs some clarifications and a new, adequate definition. Namely, due to the mutual coupling (by means of the field) between the antenna and the line, the usual definition of the admittance, as the ratio between the current and potential difference at the input terminals, is no longer a meaningful and useful concept. Much better and more suitable definition can be established when the antenna effects on the current and voltage distributions along the line beyond the terminal zone are taken into consideration. Since the conventional transmission line theory holds at that part of the line, the input admittance in any cross section of the line can be defined as the ratio of the current and the voltage in that section and can be expressed by means of the current reflection coefficient and characteristic admittance of the line. In order to define an "apparent driving-point admittance" of the antenna, the above-defined admittance is to be transformed to the end of the line according to the transmission line theory.
Description of the Method in the case of
Symmetric centre-driven dipole antenna
The Apparent Admittance and Currents in the System
Consider the circuit consisting of a balanced two-wire line terminated in a symmetric centre-driven dipole antenna. The geometrical arrangement is shown in Fig.1 . The dipole antenna consists of two straight, collinear cylindrical conductors, each of length h′ and small radius a , separated in the middle by a gap of half-length d . The distance from the centre of the dipole to each of its extremities is denoted by h , so
The transmission line consists of two parallel conductors of radius b , the axes of which are separated by a distance d 2 . The antenna and line conductors are assumed to be perfect.
As shown in Fig.1 the axis of the dipole coincides with the − z axis of the coordinate system, the − y axis of which is parallel to the axes of the two-wire line and bisects the distance between them. In order to simplify the analysis it is assumed that the currents on the antenna and on the transmission line are localized on conductor axes. The positive directions of the currents are denoted on the Figure. Due to symmetry the current on the dipole arms,
In addition, the current ( ) z I a must fulfil the condition
In writing the expression for the current on the transmission line, it is convenient to distinguish two parts of the line:
(1) The part L y ≥ , where the direct influence of the dipole and of the enddiscontinuity of the line can be neglected; and
, where the coupling between the dipole and the line, as well as the line ends effect, must be taken into account.
Fig. 1 -Symmetric dipole antenna driven by a two-wire line.
As will be seen later, the choice of the length L is not critical. It is quite satisfactory to take it equal to a small multiple of the separation d 2 between the line conduc- 
In addition, the current at the end of the line must be equal to the current entering the dipole,
The form of equation (3) 
In order to evaluate Y , the ratio i r I I , and hence all the currents in the circuit, must be determined first.
The Components of the Magnetic Vector-potential
The magnetic vector-potential due to the dipole current, 
where ( )
( )
The values 
The solution of the non-homogeneous differential equation (16) consists of the integral of the homogeneous equation (without the term on the right side of (16)
and a particular integral of the non-homogeneous differential equation
After a partial integration of the particular integral (18) has been performed, the following expression is obtained, 
Introducing (10) in the left-hand side of (19), the first of the two integral equations from which the unknown currents should be determined, is obtained, 
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Analogously to the previous case, the integral of (22) is found as a sum of the integral of the homogeneous equation 
By use of partial integration of (24), 
where a I ′ means the derivative of a I .
If (12) is substituted into the left-hand side of (25) and if the account is taken of (26), equation (25) becomes the second integral equation. In order to save the space this integral equation will not be written explicitly and in what follows it will be referred to as equation (25) .
One of the constants 2 C and 4 C in equations (19) and (25) can be determined from the condition that the scalar-potentials on the dipole, a ϕ , and the line conductor, f ϕ , should be equal at the joint of the two conductors. The above condition reads
The scalar-potential can be determined from the vector-potential by means of Lorentz's continuity condition for potentials
From (27) we get
Approximate Solution to the Integral Equations
The exact solution to the system of the simultaneous integral equations (19) and (25) is not known, but an approximate solution can be obtained by the so-called pointmatching method. We assume the currents in the form of finite functional series with unknown complex coefficients. With this series substituted for (19) and (25), we calculate the unknown coefficients by prescribing the integral equations to be satisfied at a sufficient number of points along the dipole and the part of the line L y ≤ ≤ 0 C , 2 C , 3 C and 4 C , the total number of unknowns amounts to
On the other side, there are four conditions for currents -(2), (5a, b) and (6) -and the relation (22) expressing the scalar potential condition, so that the total number of unknowns is reduced by five. Besides, since only the ratio I can be chosen to be equal to unity, and, hence, it remains to evaluate 2
According to the point-matching method these unknowns can be determined by satisfying the integral equations (19) and (25) . In addition, the selected points on the dipole, as well as those on the part of the line, are taken to be equidistant,
Substituting successively different values k z for z in (19) , and p y for y in (25) , and evaluating the corresponding integrals, we obtain a system of 2 + + N M linear equations containing the unknown complex coefficients and constants which determine the current distribution functions. By solving the system these unknowns can be evaluated.
Numerical Results and Comparison with the Experiment
The influence of the length, L , of the perturbed part of the line is presented in Table 1. In this Table 
the results converge in a satisfactory manner. In order to verify this conclusion another example has been elaborated and the results are presented in Table 2 . Although the general agreement between the above-cited theoretical results is very satisfactory, it should be noted that these results refer to a particular case only. As far as the validity of the theory is concerned, the above agreement is a necessary but not a sufficient condition.
Theory of Symmetrical Linear Antennas ... Of course, the most competent support to a theory is provided by experiment. Unfortunately the published experimental data concerning the admittances/impedances of dipoles driven by a two-wire line are rather rare and often refer to somewhat specific feeding conditions (the antenna as end load with high-impedance stub support, or antenna as a centre load with equal and opposite generators at the ends of the line, [ In order to eliminate the difficulties concerning the conventional open-wire lines, Angelakos used the image-plane line and monopole antenna in the measurements. The end of the line and monopole antenna was supported either by styrofoam supports or by a high-impedance stub. The measured impedances in the two cases differ significantly and both are given in the cited reference. For the purpose of comparison with the theory the experimental impedances obtained in the measurements with the styrofoam supports have been used. These impedances, converted into equivalent admittances, are in Fig.2 . In Angelakos' experiment the frequency was kept constant at For comparison, in Fig.2 the admittances corresponding to the idealized delta-function generator and to the same dipole dimensions are also shown. Note the very remarkable discrepancies between the theoretical admittances obtained with idealized and real feeding conditions respectively
In addition, some other examples of the dipole antenna were analysed and the apparent driving-point admittances calculated. This time all dimensions of the dipole and line were kept constant and the frequency was varied. The geometry of the dipole and line was defined by the following parameters: 
Application of the proposed method to the other kind of antennas

V -dipole antenna
The readers, which are interested in detailed analysis, can find exhaustive theoretical presentation in already published paper [15] . The remained exposition will be oriented to present realized numerical results of input antenna admittance/impedance and current distribution, including the comparison of the theoretical and experimental results and investigation of the influence of the form of driving antenna zone.
Thin symmetrical V-dipole antenna driven by a two-wire line, lying in the same plane, is considered. The geometrical arrangement is shown in Fig.4 The present theory has been used in calculating the admittance and current distribution for a number of V-dipole antennas.
In order to check the integral equations and the method as a whole, the particular case of the dipole having opening angle 
Fig. 5 -Theoretical and experimental conductances, G , and susceptances, B , as functions of arm-length, h , of V-dipole (
mm 3 = = b a , mm 12 2 = d , MHz 3 . 883 = f
). Present theory: --conductances and susceptances. Measured values: o o o o conductances, + + + + susceptances.
Since the most valuable support of the theory could be provided experimentally, some measurements of the V-dipole admittances were performed in the Antenna Laboratory of the Faculty of Electrical Engineering, Belgrade [24] . The direct measurements of a symmetrically driven V-antenna were replaced by the measurements on an asymmetrical equivalent, using image plane technique and a slotted coaxial measuring line. During the experiment the frequency was maintained at In order to investigate the influence of geometry of the feeding zone, the input impedances/admittances of the V-dipoles fed by two-wire lines, having the same characteristic impedances ( 
). ) the dipoles having the same total lengths h 2 (comprising the distance d 2 between the input terminals) are mutually compared. The other way consists in comparing the dipoles having the same net dipole arm-lengths, h′ , i.e. the same h k ′ .
Both above mentioned methods were used in this paper and the corresponding results for impedances (only) are presented in Tables 4 and 5. The table-presentation (instead of diagrams) has been adopted due to very large variations of the impedance values.
It is to be noted from the tables that geometry of the feeding zone has a considerable effect on the impedance, especially near the anti-resonance. With the increase of the ratio h d ′ the maximum of the resistances in both presentations is shifted towards larger values of h k ′ and kh . The same statement can be expressed with respect to the second nulls of the reactances. In order to illustrate the effect of geometry of the feeding zone on the current distribution, the present method was used to calculate the current distribution along the dipole arms of two rectangular V-dipoles ( ) and parameter Ω , are shown on the same figures. In all cases the currents are calculated for an input power of W 1 .
The phase of the incident current wave at the end of the feeder line is taken as reference.
Like impedances, the current distributions corresponding to the two feeding conditions differ significantly when the dipole arm-lengths are λ 0.5 .
Two parallel non-staggered dipoles [16, 17, 18]
The system of two equal parallel non-staggered dipoles driven by a two-wire line is presented in Fig.8 . 
H-antenna [22]
H-antenna driven by a two-wire line is presented in Fig.14. Conductance, G , and susceptance, B , of H-antenna driven by a two-wire line and by delta-function generator, when Starting from Sommerfeld's classical expressions for the electric field components of a horizontal Hertzian dipole above the earth and treating the antenna and its feeder line as unique boundary value problem, a system of simultaneous integral equations is derived, having antenna and line current distributions as unknowns. Using point matching method and polynomial approximation of currents, this problem is solved numeri- 
Conclusion
The investigators of the department of theoretical electromagnetics of Faculty of Electronic Engineering of Ni{ suggested one original and very exact theoretical approach to the problem of the symmetrical linear antennas driven by a two-wire line. This method treats the antenna and the transmission line as a unique boundary-value problem leading to a system of two simultaneous integral equations, containing current distribution on the antenna and line conductors as unknowns. These integral equations have been approximately solved using the so-called point matching method and the polynomial approximation of the unknown currents on the antenna and on the line. In order to overcome the difficulties, caused by the mutual coupling between the antenna and the transmission line, a new, suitable defined apparent driving-point admittance has been introduced and calculated.
The described method has been used to calculate the apparent admittance for several types of antennas: Centre driven symmetrical dipole antenna, Centre-driven V-antenna, Cage antenna, H-antenna and System of two parallel non-staggered dipoles antennas in free space or near ground. A remarkable dependence of the admittance on the respect to distance between the transmission line conductors, as well as the inadequacy of the commonly used, idealized delta-function generator have been found. Excellent agreement of theoretical and experimental results for admittance available in the literature has been established.
Using this procedure, several magisterial and doctoral thesis and several tenth of papers were realized on the Faculty of Electronics of Nish.
These results were noticed in scientific area. So the authors in prestige book [27] declare:
" looked at the problem of solving a practically fed dipole antenna. A two-wire line was used and integral equations derived both on the surface of the dipole conductors and of the surface of the line conductors. This gave simultaneous integral equations containing the current distributions on both the lines and the dipoles and these were solved".
Appendix
Magnetic vector-potential of a semi-infinite two-wire line carrying progressive current waves 
travelling in the negative direction of − y axis. With the proximity effect disregarded, the currents can be located on the axes of the wires and the vector-potential at a point 
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